Abstract. Placing fire detectors in a forest is usually associated with powering problems since the sensors do not have access to external power supply and a periodical change of internal batteries is an undesired option. This paper presents an approach where the fire sensor itself, when heated by nearby fire, generates electrical energy to power a radio transmitter. Presented energizing fire sensor is environmentally friendly and can be mass produced at a very low cost. Upon activation the sensor produces enough power necessary to operate most standard radio transmitters depending on what communication system is chosen for operation. The fire detector unit can be deployed from either helicopter or manually from the ground. The sensor can be designed to activate itself at different temperatures to suit different climate zones. Rough guidelines are given for estimation of attenuation of radio wave propagation in forest areas in order to predict maximum transmit distance.
Introduction
Forest fires, particularly those occurring in dry windy weather pose serious risks. Such fires can cause significant deforestation, resulting in the loss of wild life and its habitat, seriously changing ground water levels and river flows, changing microclimate etc. Private and industrial properties are also damaged and it can result in the loss of human lives. As populations and the attractiveness of "green living" increase, forests are being subjected to more and more exposure to human activities, which in turn, can lead to the triggering of forest fires. In order to avoid the serious consequences associated with forest fires, improvements in fire prevention, detection, monitoring and fighting are constantly being carried out. It is commonly accepted that forest fire prevention and its detection at the earliest possible stages are the most critical exercises. Significant progress is currently being achieved in all the above mentioned areas, but fire detection and progress monitoring are more dependent on technology than are the preventive measures.
Early forest fire detection and precise localization significantly reduce both the problems and costs associated with fire fighting because of the increased efficiency involved in tackling the fire. At the same time, there should be a corresponding system able to provide real time information with regards to the initiation and progress of a fire which is neither too complex nor excessively expensive [1] . Several approaches to achieve this have been suggested, some of which are already in use at the present time and involving the use of remote sensing, area imaging and laserbased detection. This paper proposes a different approach, based upon wireless sensor-nodes with energizing sensor elements to power the radio unit.
Existing Fire Detection systems
Area imaging systems are either based on stationary ground towers [2] , [3] , or are airborn [4] or satellite based [5] . In this instance, fire detection is based on the computer analysis of the images, often acquired in multiple spectral bands [6] . In recent years, satellite imaging in forest fire detection has received increasing attention, primarily due to its possibility to scan large areas. Significant progress has been achieved in this case, through the development of better imaging sensors [7] and also in improvements to image processing [8] . At the same time, complex processing algorithms may require both very high resolution images and significant processing time, which makes real-time fire detection an impossibility. Airborne (airplane and helicopter based) imaging systems are commonly less expensive than satellite ones, but they require far more complex management and cannot compete with satellite imaging in either area coverage or the continuity of monitoring. Imaging systems also often lack the necessary resolution and sensitivity in cases involving thick clouds and thick smoke generated by the fire itself. Laser-based systems, referred to as LIDAR type [9] help to overcome these problems. However, laser beams are very narrow and almost non-diverging and in order to provide adequate area coverage using a single LIDAR unit, it should be operated in a sweeping mode, as is the case with RADAR. Such mechanical systems, capable of fast angular LIDAR area sweeping, can be complex and rather expensive. Another serious disadvantage of the above optical and laser based systems is that they not only require constant technical attention and thus could not be easily maintained in inaccessible areas, but also utilize a serious amount of power in order to operate. Small stationary sensors provide an attractive alternative or a valuable addition to the systems involved in the early detection of forest fires. Such sensor systems can provide almost instantaneous fire detection combined with very high localization precision. Wired fire sensor networks commonly used inside buildings are not really applicable in this case because of the costs and technical difficulties involved in covering large forest areas. Consequently, to be effective such networks must use radio communication. Thus, each sensor should not only be able to detect the fire but also be able to send this information to the nearest monitoring station. Because such sensors must be permanently deployed in the forest, certain preconditions must be fulfilled. Ideally such system should meet following requirements:
-
The system should be able to cover large forest areas; -The system should be able to recognize which sensor has produced the alarm signal (localization); -Sensor units should be relatively small and easy to deploy (includes deployment from air); -The sensor units should have a very long lifetime and, once deployed, should be maintenance free for several years; -Sensor units should not contain materials or components potentially dangerous to the environment, wild life or humans; -The sensors should not emit dangerous chemicals when destroyed by fire. Presently, the most promising area is considered to be that utilizing the concept of networked sensor nodes, which either use existing wireless networks such as GSM/GPRS or through the formation of separate dedicated networks, including those based upon TCP/IP [10] . In the case with TCP/IP, the individual sensor node is not forced to radio-communicate its signal directly to a monitoring station, but only to the nearest re-broadcasting node. This assists in significantly reducing the transmitter output power and thus enabling it to be kept within specified limits. Mentioned existing wireless sensor node solutions are rather bulky and use heavyduty batteries which somewhat limits their application in forest fire detection systems since such units require regular service such as battery replacement and are relatively expensive. They must also be deployed in accessible places and contains significant amounts of potentially harmful chemicals (the battery, solder, plastics etc.). Promising concepts involving power harvesting from various environmental processes like light, vibrations, etc. [13] has not yet yielded a satisfactory solution which enables maintenance-free power sources for such sensor nodes, but has been able to significantly prolong the lifetime of traditional batteries. This paper presents a solution, based on the new maintenance-free Action-Activated Tag (AAT) concept. Upon activation, this sensor provides sufficient electric power for a radio-transmitter to operate before being completely destroyed by the triggering fire.
The Action Activated Tag Concept for Forest Fire Detection
The Action Activated Tag concept refers to systems using the detected physical quantity (in this case heat) to produce or release sufficient power to operate the necessary electronics. These sensors can be compared with printed dry batteries and were originally developed for wetness detection in incontinence diapers where a sufficient amount of wetness powered a low-power radio transmitter when a diaper required changing [16] . These sensors were modified for use as secondary sensors in a fire detection system. In this case, raising temperatures triggers the release of a small amount of water, stored in a small container inside the sensor body. The water activates the small energy cell, providing power for the sensor node electronics. The construction of the discussed fire sensor unit is outlined in Fig. 1 . The small water container in the sensor is separated from the sensor element by a plug that melts at a given elevated temperature, allowing water to flow over the sensor, which in turn produces sufficient electrical power to operate the radio transmitter. The construction of the sensor involves printing using special inks and layers of absorbent paper and fibrous materials and is cheap and suitable for bulk manufacturing. The transmit antenna is made of thin wire and the components of the sensor node are encapsulated into an impregnated carton tube, using technology similar to that the food industry uses for juice and milk packages. The AAT sensor node is constructed in such a way as to minimize any possible environmental impact. Paper-based and other fibrous materials are sufficiently robust in order to withstand seasonal weather changes for several years, but will biodegrade in the longer term. The main triggering chemical is ordinary water and the overall metal and plastic content is almost negligible as it is measured in milligrams per sensor. Instead of using a conventional printed circuit board (PCB), the few necessary electrical components are mounted on a bio-degradable wooden chip substrate using silver ink for conductive traces. Thus, if the sensor is burnt in the fire or degrades over time, dangerous substances will not be produced as a by-product. If the sensor unit would be tampered with, the thin wire antenna and the sensor casing will both readily break. The wax plug at normal ambient temperatures is solid and mechanically stronger than the water container, why the water does not enter the sensor area if it for example is stepped upon, but will exit the casing in the opposite direction and not result in a false alarm. It is also a necessity that the wire antenna break easily in order to prevent any harm coming to animals accidentally stepping on a fallen fire sensor and an additional aid to prevent false alarms from vandalism. The sensor cell is assembled by stacking a few individual paper strips together, each printed with inks with different electrical properties. One of the possible constructions of the printed sensor is shown in Fig. 2 . Ink is applied to a paper base using traditional rotary screen or flexographic printing which is a common roll to roll manufacturing process. The inks used are mainly mixtures of carbon, zinc and manganese dioxide. The absorbent layers are doped using a non-harmful electrolyte such as citric acid or cooking salt. The sensors have a very long lifetime and start to produce electric power as soon as a few milliliters of water reach the active area [16] . The sensor element illustrated in Fig. 2 has an active area of a few cm 2 and gives about 1.2 V when wet. To increase the delivered power, sensors are made of several cells rolled together into a compact cylindrical shape. The wax plug material can be selected to melt at pre-determined temperatures. Tests have been carried out using several different wax substances known to be environmentally friendly and melting points from about 50 to just over 100°C have been observed. Other alternatives include natural asphalt and tar materials depending on the required temperature. It is possible, that minor sensor unit modifications would be required for different climatic zones because of significant differences in the highest summer and lowest winter temperatures. Both the sensor and the node electronics are capable of surviving at temperatures well in excess of 100 °C thus providing proper functionality after the wax seal is broken. The AAT sensor node in the present design has a similar formation to that of a small lightweight "rocket" with a fluffy tail that is about 2-3 m long and 2-3 cm in diameter. A cut-through view of the model sensor node unit is displayed in Fig. 3 . The nose and tail cone plugs (1 and 7 in Fig. 3) are made of wood. The outer shell (5) is rolled from a few paper layers. Water in a small container (2) is sealed using a wax plug (3) and placed near the rolled moisture-activated sensor element (4). A small board containing the electronic components is fixed in the slot of the rear conic plug (7). To protect the electronics from outer water, it is protected by a layer of environmentally friendly lacquer. The antenna wire, rolled onto the conic part of the rear plug, is pulled out by the fluffy paper strip "tail" (9) . The tail is initially fixed in place using a felt plug (10) . To improve the sensor activation, some ethanol (boiling point 78°C) can be added to the water. At seriously elevated temperatures the ethanol vapors and increase the pressure behind the wax seal, assisting it to burst, when it becomes soft. This is helpful in order to inject the liquid into the sensor when the unit is not oriented in a direction that allows injection by gravity. It also assists in the prevention of sensor destruction caused by freezing liquid expansion. Using the node construction and materials described above it is estimated that it is possible to bring the manufacturing cost per unit down to approximately € 1-3 in the case of mass production depending on the total number of units and choice of radio system. In order to ensure that the overall system cost remains as low as possible, a simple means of sensor node deployment is necessary. Because AAT sensor nodes are relatively lightweight, they could be deployed from the ground with the assistance of a "slingshot" or similar. At the deployment the coiled thin wire antenna is removed by the flow of air in the fluffy tail and is meant to entangle itself in tree branches or in a bush. When the sensor node is deployed it may be necessary to record its location, particularly if the monitoring station is at a distance. This is possible by including a short-range and low-cost RFID tag [18] within the sensor unit. The RFID tag's unique ID number and current position is automatically read by an RFID reader within the deployment mechanism and recorded into a database together with aid of a GPS receiver. The same identity number is used when the sensor transmits the alarm signal. In order to cover significant areas, this system must be supported by a number of more powerful "Zone nodes" where each will have a number of the presented sensor nodes within reach (see Fig. 4 ). These Zone nodes could be GSM/GPRS based, and would be able to provide direct links into existing networks, or form separate network of their own, linked to the fire monitoring station. Alternatively, Unmanned Aerial Vehicles (UAVs) could be used as mobile relay stations to scout the air space above the forest, listening for the alarm signals [19] . Modern medium and small UAVs are capable of being in the air for up to 24 hours, constantly maintaining radio links with the "base" directly, via satellite or via GSM/GPRS systems.
An advantage of a UAV-based intermediate system is that one UAV, high up in the sky, is able to cover a much greater area than an earthbound zone node because a radio signal emerging from an alarming sensor is attenuated much less when propagating through air than through forest foliage in an uneven landscape. 
Radio Communication Challenges in Forest Fire Detection Systems
A high sensor unit cost may force the use of a relatively low sensor density in the forest (say, one sensor per several square kilometers), thus reducing the system's capability of detecting the initiation of a fire sufficiently rapidly. If the sensors for example are placed in a square grid with a grid distance of 1 km, and the assumption is made that a fire will spread uniformly in all directions from a starting point, an average circular area of 0.39 square kilometers will be burnt before the sensor unit produces an alarm. A dedicated radio communicating system therefore appears to be more appropriate for the sensor nodes and the use of GSM/GPRS should be used at the zone nodes.
Radio Wave Propagation in Forested Areas
There are factors limiting the transmitted power such as the limited capacity of the power source and the legal restrictions for the used communication band, such as those put up in the "free bands" found in [20] . Maximizing the alarm detection distance is therefore of importance. Additionally, in the forest environment the signal will be attenuated by the foliage and branches, further reducing the communication distance. The most basic formula for the estimation of received power P r from a unit transmitting with power P t at a distance R and at a frequency f is the Friis Transmission Formula [21] :
where λ is the free space wavelength, λ=c/f and c= 3·10 8 m/s is the speed of light. G t is the gain of the transmitting antenna and G r the gain of the receiving antenna. Gain is a measure of how an antenna directs its radiated and received power. The preference for this specific application is that an activated alarm unit transmits with equal power in all directions, as it is not possible to predict the spatial orientation of the antenna in a sensor dangling in the trees. The receiving antenna should also have similar properties and should be of circular polarization to minimize the risk of a polarization mismatch. The proposed linear sensor antenna radiates almost omnidirectionally, acting either as a traditional half-or quarter-wavelength dipole-or monopole antenna with a toroidal directivity pattern [21] and gain factor of approximately G≈1.6. Analysis of (1) provides the general conclusion that with a fixed transmitter power P t available for radio transmission and fixed threshold received power P r for alarm signal recognition, the lower transmission frequency (larger wavelength) will provide a longer communication distance R. It should be noted that this conclusion is drawn without taking the frequency dependence of the radio waves attenuated by the forest into account. Unfortunately, this conclusion can also not be fully utilized in present form as it assumes that the antenna size is changing with frequency, which is a significant part of the wavelength. In reality, a sensor unit antenna of length greater than 1-2 meters would be impractical since modules with antennas of such length would be hard to deploy. The correct analysis should take into account the change in the antenna efficiency (gain factor) and the attenuation of the signal by the forest and soil at chosen frequency bands allowable within such systems. To be efficient, this type of antennas must have dimensions close to one quarter-or half wavelength [21] . Also, the ideal shape for a longer antenna of a sensor deployed in a forest and which will be possibly be dangling in the tree branches has an increased chance of becoming distorted (i.e. not being straight). Corresponding correction factors for the system performance in such a case could be taken from [22] where the performance of bent dipole antennas is characterized. There is also the possibility to redesign antennas in order to achieve higher robustness without seriously degrading their performance [23] . Among the frequency bands, allowed by the EU authorities for license-free transmissions are 13. Friis Transmission Formula does not take into account additional signal losses caused by the environment of the antenna, however many models exist which allow for this scenario. One of the simplest, but most accurate, models is a two-ray model. This model considers two antennas elevated above the ground (transmitter antenna at H t and receiver antenna H r ), and takes into account one direct radio-signal and one reflected from the ground as illustrated in Fig. 5 . Fig. 5 . Two-ray radio propagation model where the activated fire alarm unit is deployed on a tree branch and the alarm unit's antenna is hanging down. The alarm unit transmits a signal that reaches the base station both directly and via reflection in the ground.
In the case where the working frequencies are lower than approximately 50 MHz, the ground wave should be taken into account. In the forest environment the ground wave is actually a "canopy" one, traveling along the tree top line. The propagation of both the direct-and reflected waves is calculated using the Friis transmission formula and the total received power due to the superposition of both signals is expressed in the two-ray model as [24] :
where H r and H t are the receiver and transmitter antenna elevations, respectively, and all other values are as in expression (1) . The second term in expression (2) describes the interference pattern, caused by superimposing two waves with different phase lag. For larger distances H t ·H r << λ·R the approximation sin x ≈ x can be used and expression (2) can be simplified as:
Interestingly, but as according to (3) , the communication distance R is no longer dependent upon the working frequency (or the wavelength, which is the same) for a fixed transmitter power P t and the fixed threshold receiver power P r . Losses due to the soil and forest foliage can be also taken into account:
In this case it is possible to use the empirically determined attenuating factor α≈0.2 dB/m, (measurements were carried out for different kinds of forest terrain [25] ). Fig.  6 presents a comparison of the propagation attenuation dependence on the distance from the transmitter, as calculated using expressions (1)-(4). The attenuation plotted in Fig. 6 was calculated for the frequency f=866 MHz with the transmitter power of P t =2 W [27] ; λ/ 4 dipole antennas with G t = G r = 1.64; antenna elevations of H t =10 m, H r =20 m; attenuation factor α=0.2 dB/m, using equations: (1) {"Free Space"}, (2) {"Two-Ray Model"}, (3) {"Alt. Two-Ray Model"} and (4) {"Alt. Two-Ray Model with Attenuation"}. Modern radio communication integrated circuits for digital communications have the sensitivity of approximately 130 dB or better, thus the communication distance between the sensor and receiving station could be several kilometers. These very basic and generalizing calculations in fact only consider the received power. A more accurate link budget should consider the Signal to Noise ratio (SNR) for the specific modulation scheme, Bit Error Rate (BER), codes for Forward Error Correction (FEC) and, preferable, even more variables that affect the overall system performance. Overviews of more thorough link budget calculations are found in [24] and [29] . Generally, it is however possible to state that as long as an efficient antenna is available, the lower the wavelength, the longer the maximum communication distance. This does not follow from equations (1)-(4) but certain benefits may be gained, and it is characterized for forested areas in for example [25] . A similar rule of thumb holds for the bit rate where the lower this is the more reliable the communication is which is advantageous for this application since a minimum amount of data is required. Mentioned models offer estimates for reliable communication ranges. For a specific application and area, the only means of achieving genuinely reliable numbers is to perform field tests using the designated equipment.
Conclusions
A new electronic forest fire detection system built on the concept of distributed sensors, referred to as Action Activated TAGs (AAT), is presented. The system comprises low-cost sensor units, easily deployed from air or ground. The AAT sensors are dormant and start to transmit the alarm signal only when subjected to the significantly elevated temperatures of a forest fire but not when they are tampered with. The presented sensors are able to overcome serious problems which are present when other electronic forest fire detection sensors are used. The sensor units are lightweight, have a significant life span, are environmentally friendly and are inexpensive to mass produce. Further development of fire detection systems using AAT sensors is required as is additional work on the sensor construction to maximize the communication distance.
